Summary This paper describes the development of a computercontrolled system that controls inspired C02 or end-tidal Pco2 (PETco2) to follow preprogrammed functions such as step, sinusoid, and pulse, under normoxic, hyperoxic, and hypoxic conditions. The system uses a proportional-integral (PI) controller that was optimized by adjusting the PI parameters so as to minimize the integral-time of absolute error (ITAE) performance parameter.
Despite the large number of C02 inhalation experiments that have been performed, it is still unknown how the human respiratory contoller operates and it is clear that further work and more sophisticated C02 delivery equipment is required. The computer-controlled equipment reported in this paper was designed to rapidly deliver inhaled C02 to a subject as a constant fraction, a constant flow, a bolus of C02 at any point during inspiration, and enables end-tidal Pco2 (PETco2) forcing to pre-programmed waveforms such as step and sinusoid. A motor-driven 1-l piston, constructed in 1978 by one of the authors (Miyamoto) for generating sinusoidally varying pressure, was used to assist the development of the equipment. The motor speed and piston stroke volume can be varied over a wide range. Figure la shows the block diagram of the compact system (31 cm x 40 cm x 35 cm). All main pipework is 20 mm bore. Fresh air is blown through a T-junction, and the subject inspires it from the side limb of the "T" via the inspiratory port of a two-way breathing valve. Uninspired air continues through the T -junction and out of an exhaust pipe. (When C02 is to be injected as a constant flow, the exhaust pipe is blocked and the air-compressor source is removed so that the air input tube is open to the atmophere.) A short distance from the T -junction, C02 gas is injected into the airstream, via a 3-cm-long injection tube, by an accurate electronic selenoid flow-control valve (SEC-4400-RC, STEC Inc.), which is mount-M. J. MUSSELL, Y. NAKAZONO, and Y. MIYAMOTO ed vertically under the T -junction. The delay between an electronic signal being applied to the flow-control valve and the expired gas monitor registering a change in CO2 concentration at the expiratory port is approximately 300 ms (air flow =60 1/min). This delay depends on the air flow and inspiratory dead space (approximately 100 ml between the CO2 injection port and the mouth piece of the breathing valve). For hyperoxic conditions, oxygen is injected into the air next to the CO2 injection site. For hypoxic conditions, nitrogen gas and Oz replace the air supply. Automatic control of Oz using an identical controller to that of CO2 could have been done, but manual adjustment of Oz can be done relatively accurately during an experiment, and controlling PETco2 is far more critical than controlling end-tidal Pot (PETo2). However, should we require accurate steps in Pot, the C02 and 02 supplies can be reversed and C02 controlled manually. Air is expired through a Fleisch-type pneumotachograph (TV 11-2T, Nihon Kohden), and PETo2 and PETco2 are sampled close to the expiratory port of the breathing valve by an expired gas monitor (1 H21 A, San-ei Inst. Ltd.), housed immediately below the breathing valve. There is a 0.1 s sample delay at a sample rate of 200 ml/min. The air entering the gas analyzer causes a small but negligible error in the measurement of ventilation.
A computer (PC-9801, NEC Inc.) samples the expired air-flow, PETco2, and PETo2 at a 30 ms interval, via an analogue-to-digital interface. Expired ventilation ( VE), tidal volume ( VT), and respiratory frequency (f) are calculated from the expired-flow signal on a breath-to-breath basis, and are displayed on a pen recorder, and stored in software arrays and saved on a floppy disk for later analysis. A simple BASIC language program controls the C02 flow, via a 12 bit digital-to-analogue convertor (DAC), to any level up to 5 1/mm. The valve has a 1 % accuracy of its 5 V (full scale) control voltage. Therefore, with an air flow of 601/min the inspired fraction of C02 can be controlled from 0.03% (normal atmospheric) to 8 % with an accuracy of 0.08 % (1 % of 8%). Fluctuation in air flow may reduce the accuracy to 0.1 % but this is acceptable. For reproducible triggering of the system, the command signal to change the inspired Pco2 is always initiated at the start of inspiration, and to save C02 gas the valve is switched off during expiration, with little effect on dynamic performance.
In open-loop mode, a step in the fraction of C02 in the inspired air is associated with exponential wash-in/out of C02 dependent on dead space volume (VD), f, and VT. To produce a clean PETco2 step stimulus to the respiratory controller, it is necessary to use closed-loop control, by driving the C02 valve by the difference (error signal) between the desired and actual PETco2 signal. However, there is a time delay between changing the inspired air Pco2, and a change being registered in PETco2, which makes the system potentially unstable. Previous workers (WARD et al., 1974; MUSSELL, 1986) demonstrated that a proportional-integral (PI) controller (Fig. 1 b) is sufficient to stabilize such a system-the integrator holds the set point between breaths and reduces steady-state errors, while the proportional gain is responsible for a sharp initial transient. The valve drive signal is updated once every breathing cycle at the end expiratory point-though the error signal, the proportional gain (Kr) of the error signal, and the integral gain (K;) of the error signal are continuously calculated after each 30 ms sample of PETco2. With a PI controller, the system's step response is almost entirely dependent on the values of Kp and K;, and only one combination yields an optimum step response.
To optimize the system step response, an automated and iterative approach was used to minimize the system's integral-time of absolute error (ITAE) performance parameter (DoRF, 1980) . With the piston connected to the breathing valve (f= 25/min, stroke volume =1 l) (air flow = 60 1/mm), the system was commanded to induce a 7% step in PETco2 for many combinations of Kp and K;, and ITAE was calculated for each run. Figure 2 shows that for any value of K;, a minimum ITAE (ITAEm;n) is reached for a given Kp. At each ITAEm;n, Kp/K; was approximately the same value (70); however, only one combination (K1= 0.039, Kp = 2.6) resulted in the absolute minimum or optimum ITAE (ITAEop) where the step response was the most accurate. However, the dip into the minimum was sharpest at ITAEop, which means the system has the highest sensitivity to changes in K;, Kp, and f at optimum operating point. This has important implications when dealing with different human subjects with different respiratory characteristics.
These optimum values for Kp and K; apply only to f 25/min (though are independent of VT), and to maintain optimal operation at other f an empirical formula (equation 1 below; where RI = 60/f) was derived which compensates for variations in f by adjusting K;-adjustments in K; alone was enough. Though the piston and human lung have differing mechanical properties, the same principle of ITAE minimization was applied to the optimization of the system with a subject (Kp =11.2, K; = 0.025). With informed consent a subject, breathing at f = 25/min (by voluntarily synchronizing breathing with the piston's motion), performed several short on-step runs of 6-8 breaths (after the step) for various K; and Kp values. ITAE was calculated for each run and the K; and Kp values were adjusted so as to home in on ITAEm;n in the next run. When we were satisfied that the K; and Kp values were such as to give a ITAEm;n and a good step response at this f, the subject repeated the process at f= 15/min and f== 35/min, but this time only K; was adjusted to get ITAEm;n. For humans the empirical compensation equation is shown in Eq. (2) below. These compensation equations were incorporated into the control algorithm that measures f and adjusts K; to maintain a good step response. After this rough, though adequate optimization process, good steps in PETco 2, suitably accurate for physiological studies, could be administered in other subjects.
K; = 0.039 + K, (2.4 -RI (s)) where Kl (piston) = 0.016
K; = 0.025 + K1(2.4 -RI (s)) where Kl (subject) = 0.0042
Using the optimized system we obtained the typical (redrawn) step and sinusoidal responses in a normal human subject, as shown in Fig. 3a and b, respectively. Other functions, such as exponential and ramp, are equally easy to generate. From the step response we estimated that the time delay between the onset of a step in PETco2 and a change in VE was 15-20 s. This is in agreement with the findings of SWANSON and BELLVILLE (1975) , who reported the delay to be in the region of 14 s. Similarly, from the sine responses we estimated that the phase delay between the PETco2 and VE could be estimated as being between 15 and 22 s. This agrees with the finding of ROBBINS (1984) . Allowing for the transport time of CO2 between the mouth and alveoli, we estimate that alveolar CO2 can be changed within one second of the valve command being given. This is comparable, if not better than, the transient characteristics of other CO2 delivery systems (SWANSON and BELLVILLE, 1975; WARD et al., 1974) .
By switching of the CO2 valve before the end of inspiration, PETco2 forcing by early-inspired pulses of CO2 can be done. Figure 4 shows a set of step responses in the piston and the theoretical distribution of CO2 in the lung, for a range of earlyinspired CO2 pulse widths. As the pulse width becomes narrower, the mean expired CO2 decreases but PETCo2 can still be forced to follow a step (except for the 150 ms pulse when not enough CO2 can be added, to the inspired air in the time available, to force PET~o2 to the desired level). Moreover, by switching on and off the valve within the inspiratory phase, PET~o2 can also be controlled with narrow pulses (bolus) of inspired CO2 timed to occur at any point in the inspiratory cycle.
The application for such pulses is twofold. 1) They can be used to selectively expose regions of the airways to CO2 by varying the position of the pulse during inspiration-i.e., late-inspired CO2 exposes the upper airways to CO2 while leaving the alveoli C02-free, and early-inspired CO2 exposes the alveoli while leaving the upper airways CO2-free (at end-inspiratory point). This may assist in the investigation of the role of C02-sensitive airway receptors in respiratory control. 2) Narrow pulses of inhaled CO2 can be used to modify the shape and timing of arterial P~o2 oscillations while simultaneously forcing PET~o2 to a step function, so the "oscillation hypothesis" of ventilatory control may be tested (YAMAMOTO, 1960) .
